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lNT«OD(rCTION 

Large hJgJl-proasure vessels designed foB-ainWewt or lilfdt tempetuUires awj-not 
presonlljt capable ef containing gaSoous hellrnn ut oqulvalohl pressuros-wben at cryo- 
genic temperatures, l^'obloms associated with acliioxting and tnaiPtalnlng hljdt pres- 
sures at cryogenic tomp&raturos as they Involve seal designs were studied. The 
purposes of this study were 

(1) 1*0 identify suitable- materials oncLdevelop a seal for cryogenic ai:^lications 

at pressures to 4080 bars (60 000 psi) (Tins pressure vessel design limited 
this portion of the Study to 1630 bars (22 500 pst). ) 

(2) ^ To~identify some factors tlwU-affect Seal peiformance and reliability for 

cryogenic pressure vessels 

To accomplish this, the seal study was dividocLlnto three phaseS; 61 seal configura- 
tions were tested. 

METHon 

This seal study used a conventional monoblock pressure vessel made of 304 
stainless steel in an annealed condition (fig. 1). The vessel has a single threaded 
closure containing an O-rlng seal with a 304 stalnlcss-stoel, wedge-shaped backing 
ring (fig, 1(a)). The apparatus was supplied with gaseous helium at pressures to 
1630 bars, the elastic safety limit. The assembled high-prossurc-vesscl apparatus 
(fig. 2) was hung in a nominal 27. 94-cm- inside-diameter (U. 0-ln. -i. d. ) dewar for 
tests in liquid nitrogen (77. 3 K) or liquid helium (4,2 K). 

A series of experimental seal systems were designed and tested in this typical 
pressure vessel that had a rcproscnlativo closure. In phase 1 a common Oring 
design of various materials was studied. In phase 2 attempts were made to Improve 
the seal design, to identify reasons for not scaling, and to establish the necessary 
design philosophy and design criteria tor the next generation of seals. Phase 3 was - 
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UlO 18 (entity „pup„||„„8l |di,«ym,B,8j88, ||„,|UIU„„„, a„d 

toilu.... „,.r.h»,d«m, tor two dovolopod of oryoKi-nic „oali,« 

riwmitloiw. (i„,up A wMBlflts of U.OSO i»na’lKuroUons tat roqulind lilpl, prp»8iinw 
initially nt ambientt lomporature to sot llio seal araUo-«alnt 4 .ln press, u-e fsr lator 
t yroKonlc oporollon. tlroiqj D oonslsls of ihoso rontlBrn-alions ttat worooapablo of 
soalInK without an Initial soaliBB pi-ossuro. These seals can bo pressurized and clg— 
prcssurlzetl repeatedly at 4. 2 and 77. 3 K, 

APUARATUS^ND JNSTRUMENTATION 
Figures 1 wid 2 show the equipment and the numerous cempt)nents used in con- 
ducting this study_,nic pressure vessel is 21. 5 cm by 36. 8 cm, with a mass of 
106 kg (235 lb). TWO platinum resistance tliermometers were aitached to the pres- 
sure vessel at its top and bottom and were used, in addition to Chromel-Constantan 
thermocouples to confirm temperature stabilization. Pressure was monitored by a 
0- to 40 000-psi (2720-bar; laboratoiy calibration- type gage that was located 1 meter 
from the vessel. This gage was fitted ^vith a potentiometer lhat provided an analog 
signal to a strip-chart recorder. For liquid- nitrogen tests, the liquid level was 
. automatically maintained 2. 54 cm (l. o in.)„.below the top of the vessel. For liquid- 

helium tests, the levels were controlled manually between the extremes illustrated 
in figure l. 

A pressure of 1530 burs caused die seal width to iacrcasc 0. 0137 tnm (0. ooor.1 in. 
at ambiout tentperafuro, 0.0090 mm (0.000.18 in.) at liquid- nlttuse,, icmpcrattttv, and 
0. 0074 mm (0. 0003 tn. ) at liqiUd-helium temperature. A high- pressure , r,v..Bcni,. 
seal must retain sufficient nexlbllity to eonlatn the pressure regardless dimenHlo„.,l 
changes from either pressure or temperature effects. 

Analyses of gaseous-helium samples taken prior to phase 3 testing were within 
.speeiricalinn | '| whieh requires a 09. 00.5-pereenl purlu .,,,,1 all..tv» .OO-pp,,, t„lal Im- 
puritii'H, 

UKSUIiTS AND DISCfiSSlON 

Current design eritt>ria for eommon pressiuv- vessel elo.sure systems h;,\e Ikhm. 

• loeiimeiite.l '|'h,- .,rjginal closure seal systfon o( the p.vssure vess.d ,is<>.t in 
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this study (fif?. CoUnws typleal tbslp^i praDtJoe, 
i'lniHu I 

PlniHo J was untie rtttUoH to cvaluntcijCMinft'S niutle-of Ht»vt»ml euminun nuiterliils. 
The inuttu’lals wore-BUNA-N, anttPlle I’uUbef (70 dumitiDtor^r silicons- rubber 
(-'■50 fUiromctcr); Kel-IT, a lluofociu’boii rubber («00 tiui’ometor), untl Greavey seals 
consistlbn' o£ u 'roflon (fluorocarbon rosin) tubular torus having a stainless^ steel 
rosillont spring insldo with a Vlton (fluoroelastomefc) cone bi Its center. The hlgli- 
duromotor- number O- rings, ok nmtorials with a greater rublwr hardness, tended to 
loalc and to cUstort by plastic flow and-badpoor pressure- cycle life at ambient tem- 
peratures.„.AUL,tlio seals in phase 1 failed at or above 11 quid- nitrogen temperature. 

The pi*ess«rcs that were achieved in this first phase of tests did-not cxcet> d s eve ral 
hundred bars. The unsuitability of the seal design shown in figure 1(a) for cryogenie 
opdration was apparent. 

Phase 2 

Pliase 2 consisted of a series of improved seals. Twelve different tj-pes evolved, 
and the design ciiteria were established for the next phase. Six partially successful, 
but mostly unsuccessful, seal configurations that were developed and tested arc shown 
in figures 3. Configurations 3(b), 3(c), and 3(d) Showed some promise initially but 
later proved to be mirellablc. Figure 4 illustrates typleal examples of seal failure 
modes revealed during this phase of tests. The Teflon extrusion ring was partially 
successful in filling the voids created by the shrinking methyl- phenyl R'PV silicone 
inibbor (^j extrusion compression rtng of seal design 3(a), The primary problem with 
Tellon was its loicontwllable distortion as shown in figure 1(a), As figures 1(b) and 
(c) illustrate, decompi'essioii breathing blisters (analogous to the biologicail romlitlon 
known as th? ’’the bends”) caused by gas ubsoiption within tlu' elastomer was a com- 
mon failure mode for toth BIJNA-N and silicone inibbcr U- rings, tlasotuis helium 
diffuses into the compressed O-rtng elastomer and causes t.lu> blistering when it ean- 
not escape upon rapid depressurization. Figure 1(e) shows t.Miieal numerous small 
fraeturc blisters just below the surfacu' us well as larger fraetures that cut tinough 
the entire ernss seetion of the O-ring, The "bends” were not observed lor material 
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Hum, .Ion tlml, wo,v Hul,,o..U..U«ly („ |„kI, |„*snmxv <h.| 

liiUn wovo uhckI an an W- ring In a 

A priimu-y cawkvfor Hoal lonkunH aitcl fallmv a( Ik|iiKl-mli..c.<.n ifinpc*r- 

nturoH IH (hovimil HlirinkaRo. S(I.ic-om, Publ^i^v, lov uxampln, Hl.nnkH lO linK'.M laHtcr 
than noi Hl,ainl,(.HH Htool. II' ||k' (•rtofflcionlH of c'X|.')anHjon lov aoi Ki:aiiiU«8.s and 
Hll.loom« niblier aiv uswumod to romuln constant fponi rfunn ((*mpi-»-atmv |o lj(|uid- 
nltroRon lompcrntnro, the calculaknl shrinka«t> of the pia-ssuce- vi*8s,.| diainettM- is 
0. 27 n cm loss than that of the O- rinu^ s major diamclor. This toiluccs the O* i s 
cross section by 0.0091 cm. Ai^ tlie tomporulurc is reduca^d, the O-riiif* shrinks, 
becomes brittle and inflexible, loses comprossibility, and Is apt to fracture. I’res- 
surizatlon or repressmizaUon of the vessel at ciyogonic temperatures is affected 

(1) by die Inability 6f the O-rin^ to provide sulficient compression to maintain a seal; 

(2) by lack o£_resilicnce; and (3) by thermal contraction mismatch, which causes a 
chatifio in the common surface contact, alters the set of the seal, and produced I eak- 
aj,U3 patlis. increasing compression by using oversize- cross-section and oversize- 
mean-diametcr silicone rubber O-rings did tend to impwve seal performance. In- 
stallation problems causing Oring twist, excessive squeeze, and compressive load- 
ings result if too largo an oversize O-ring is used in an attempt to compensate -for-Uie 
expected shrinkage. Lubricants, if used, caused extensive O-ring rupture. 

Hgures 3(e) and (f) show seven- and ton- component seal configurations that were 
attempts to expand on Bridgman’s unsupported- area scaling principle |“|. A more 
ellective O-ring seal was also used to provide Inci’oascd sidt'-wall eompressivt' 
forces. The tfouble O- rings worked sufficiently well to wai rant further nivt stigation 
despite continuation of (Vring ’'bends, ” such as thtxse shown in figure .|(lh 
Phase 3A 

Phase 3A requiri'd ambient- Umiperalure pn';m>Hsnri/ation stn-teh aiul set i.lu> 
doulile-oversized-cross- section O-rmgs and h. preeompress an.l seat (In* mdium 
tii.sion seal. In phase 3A. a total of |3 six- ami seven-pari seal eonligurat.ons were 
tcstcal (figs. r,(n) and (b)). Teflon extn.sion seal-ring malenal was replaeed w.lh 
indium. Indium's low- t«>nsile and eomprt'ssh c streiigili of 31. .s ai;. a kg 'rtn’’ 
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« oo mu» wws^aUod It M-Bow BtotlsaUj, anUpfpvPntotltlto foMiwtlon of u,,.v 

V <111 x<l„l tliormal-pontraotlon. Lookpw tatop of te««a,u».o «w .,„,Vmi» 

•k 05 ««.,„• /no.^ ^ ^ ^ 

«o„ to Mow iito l«..a («„ p„>.^4.«r«„o tho-ooaU««k,.^ al«nmca.,tlv. IX,n„..- 
™ooa to a»Wo„t pf«s«,.o oauaod poaU to tt-rp« ..Mabo „,a), 

- OO^std on,' /min leak (tho .naxl,n„m flow nato o£ Utooompvoeeo.-, dovel„,„d and. 
limited tfae. pressure attuinablo. 

“■‘'‘““ ‘»o<»»™only need matorlat tor ci-yoan^^^^ cl.na.etal 

I'l u=ocU»dlum.encooaetully tor a email (^ 8 . B-mm-o. d. , 12.7-mm-I.d.) hlph- 

proeenre oryo«onlo eoal. TKe prl,nary dleadvantago ot uel„« indium ,„ a dee„m 
e imllar to 5(ak for a larger proesm-e- vekeeUnay be Ite coat. Toete doeoHbod In tWe 
pmeo ,»a>vo d.at Indium eoal ringe could b.vr^atedly rcueed. but with a deuWingor 
tidpUng luOeakago ratd tin and-lea4«oro found tobe unemtablc eubetltutoe for 
.ndlung they d^net omrudo eufflolontly to prevldo4he eupplementary eealmg noedod. 
to aohlevo a high-proeeure cryogenic eeal. The eeals eho« 1 „ tlg„,a,n 5(a) and (b) 
eucooeefully allowed nume, -cue pressure cycles l«,n. 204 bars to 1300 bare wid. 
various dcpr.ss,«lnatlon rates and ,vtth no detectable leakages at Itguld-helium tem- 
peratur-e. A seal with no leakage Is not realistic and suggests a blockage due to 
rosen helium. Tho equations of slate <g helium by Sp.dn and others | 6-«| mdi,- .b,. 
that solid helium would be created Inside the pressure vessel at these conditions 

I'utther testing m phase .311 circumvented the.r,.osen helium condition by raising dm 
pi essur’c- vessel temperature slightly. 

Phase 3B 

Phase on coneentrnted on developing a seal ea,r.ble of fanclloalng a. lemis.ralnivs 
W ween 77. .. K m,d 4. 2 K p.t„r ,o pressarlsatlen. with seals .5(a) and 5,h). pressures 
o My almnt 50 bars (7.35 ps.) oonld be achieved dec lo the .lmlle.1 capavllv of the 
hlgh-pia-ssnre compressor. An elgdd-parl seal Imvlng a shigle 0-ri„g ((„.. .3,e„ w.r 
l«.'n.cd cons,der.3hly hoeicr. bat the rcsnlls were not repenUiblc. .Seals .3,d) and 5(e) 
used no trrlngs hat required four to five times the qnnntlly „f i„dl,„„ „sed ,ull, 
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n(a) tihrt — 5lie.y-\voct3 only ftfal© to tuyi.lovo-GOiJ.to I3W btu’H, with it oorroHjioni'l- 

liifV HoaUoaJaigo «f40 000 Htd om’Vmlii, TJwto Boda, UoBidOfi bcinn t-uHtlv, roqinin^d 
lavgo-iintoimtH of gland-nut oloHur.taoi’quo In drdor to gown’ato-i+uifjclont cnmitn'HHlvo 
foroo to adoqimtoly extvudo tho indium. Thwio-lilgli valuoH of oomproHHlvo loi-co may 
Ih' (limouU taattoUi far vohhoIh in tho lQ-cm"-l. d, class. Also no suHtaining com- 
piosslvo foico oxlsis to aXtord contlnual-oxtruslon to ooinpcnsato for j)rt>Ksurt!“ v<>hhcI 
expansion upon pvossurissution, tis In tho case of tho double CVring Htipplcnnonlm v 
seal, 

Tabo most offeetivo, a seal must not suffer from tho ’'bonds” during rapid do- 
comprossion. Design 5(f), an olastomor- indium combination was taisuceossful, Tbo 
successful 5(g) seal used two Kel-lt’ O- rings, which have low gas absorption oharao- 
toristics, combinoeUwith a 304 stainless steel convex- wodge-shapod anvil backup ring, 
A 69-k|f-m (500-ft-lb) torque was applied to tho gland nut, resulting in si plug-lo-lx>dy 
gap of 1. 27 mm, Tliis efficient seal compressed the indium more, causing it to ox- 
tnide further past the convex wedge, thereby increasing the total indium seal surface 
in contact with tho pressure vessel. This seal is shown in figure 6(b). 

lb, ossurizatlon to 1430 bars (21 000 psl) at 77. 3 K revealed an average 7, 374- 
std cm /min seal loalmgo over a 16- hour pressure decay period. Seal leakage did 
increase to 283 • m'*^/ min aftei’ four depressurization cycles to less than 3 burs. 

A loal<age of 38 400 std cm*^/min occurred on the fifth pressurization eycle at 1326 
bars. 

The last sertes of liquid helium, high-pressure- seal tests was perionned with 
a redundant pressurization food tube to minimize the effect of solid heiinm or con- 
taminant blockages. The factors tiiat have the greatest effect on llu' scaling abiliiy 
of configuration 5(g) when the vessel is submergetl in liquid helium hav<> not been 
eslabllsbed. However, a series of pressure cycles related lo the liquid-indium Uwel 
ilid indicate that fimen helium or conlaminants can ronlrllnile to the seal eirt i live- 
nesH. (laseoUs-hoHinn samples were Uiken to determim^ the exti'iil o| enniamiiialion. 
rhe gas supplied ahead of the apparatus contained 610- ppm total impuriiies. Casc'ouH- 
helium sample.s from the inside of the pressurized vessel were talnai during high 
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proHHurc, liquid- boll um Atwilyfsia wfWi tv modlfbul-tinnlvtit'a! niHHn HcivtroHcopv 

lulK vc'veiilocl oxwHHivo quantHloH of bydrowon (IHIH ppm), nlUof*on (7:^. ppmi, owgon 
(no ppm), noon (n.o ppm), i(r>;ion (l. a ppm), and euHion djoxldo (1,1 j»pm), unubriK 
1020.2 ppm. 'dm ropulljivo prttHHi-ii jjsntlons omiaod fiirihwi-cotu'oidmilon ol lln- im- 
purlliOH flue to cTyotrnpplnK ctoncUnmiiblua at HqnUHirlmm lomporuinro, 

Ifl.xamplos of rojJollUvo i»rosHmd/ulion8 of Confl^iii'titlon rdR) at approvimalHy 
liquld-lmlium tomporabiro arc hIiowii in fiHurc 7. To minimi/t: Uu* oIU'oIh o) friMvInn 
bolium, tbo li quid- boVi uni lovol waa rodm-od tiiifl mainiainod jiial la-iow Iho iiroHHUi o 
vessel for tbo soul tests shown in fiRtire 7(a), and the litmid-holium supply was 
stopped U>-allow warmup for the tests shown in figtiro 7(b). A si ries ol rapid 
pressurization-depressurization oyolcs between 1500 bars and ;t bars were perlormed 
at 4, 2 K to 145 K. Figure 7(a) shows that seal leaJiage did tend to increase with the 
number of cycles. 

Tbe flKJdO-std cm'Vmin rate for cycle 8 increased to 10 700 std em'Vinin lor 
cycle 12 at liquid-helium temperature. A 12 600-std cm'Vmin leak lor cycle 11 at 
1.34 K increased to 14 800 std cin'^/inin for cycle 16, with lailure occurring on cycle 
17 at 145 K (fig. 7(b)). 

Itcsults of the tests described hci’cln are summarized in table 1. 

Upon concluding tlicse operational life tests, inspection of (he internal walls ol 
the vessel revealed an oily substance on (he upper portion amt a l)r«»wn eleai liquid 
on the bottom portion, litfrarcd spcelroscopic analysis identilied the oily substance 
as a common pump oil, tvith some rust particles. Most of the brown liquid evapo- 
rated before analysis, with rust particles remaining, Carelul adiuslment of temper- 
ature alxivc the 4. 2 K level, In spile of the frozen helium and (he eontamluant (4u'- 
nomena, permitted th«> sueci'sslul devtd.opmenl oJ Ihi' seals, 

OONCbUSlONS 

This invesligation of (he problems asHoeiaUui with reliably eoutaming gaseitiis 
helium pressurized to 1550 bars (22 500 psi) lmt\V(*en 1.2 K anil-150 K leil lodu' 
fo How I ng eoiud ii H i t m s . 


ai'K-imsiiltoWo [«■ lilBh-|ji-oH«uw ofijraKimla oi»rHtluli, 

u,«l 

nmtoi-lnl» lo,. BiiyoKwilo IHRli-pi-<WHu»v.„|»ratlon, 

■•I. Ncvoml I„, 

vo»«a uppl, ,ic.v«lopo„, lw„ «,ato m,»,,,H. 

oa m,c lonoti vopoatodly ^v^tl,ort any pi'opvnBaurlautlon. Tima., <k,«ia„„ „„.,,| 
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(b) EXAMPLES OF RAPID DEPRESSURIZATION AT 126 TO 145 K. 
Figure 7. - High-pressure cryogenic performance of seal 5(g). 



